Introduction
The northern edge of the East Asian summer monsoon (EASM) is considered to be the northernmost boundary to which this summer monsoon system can advance, and as the transition zone between the monsoon and non-monsoon area. Its south-north displacement exerts direct influences on the weather and climate change over East Asia, especially for the edge region where the ecological system is fragile (Xu and Qian 2003; Lin and Qian 2012) , as manifested, for example, by the occurrence of extreme drought in Northwest China, rainstorms in eastern Northwest China (Tang, Sun, and Qian 2007) , and sand-dust in northern China (Sun, Tang, and Li 2008) . Hence, the variability of the northern edge of the EASM is a topic of great scientific importance and practical significance, considering its prominent socioeconomic impacts throughout China (Li et al. 2013) .
Substantial efforts have been devoted to investigating the characteristics of the northern edge of the EASM, including its northward shift, withdrawal, and influence on the surrounding climate variability (Tang 1983; Wang et al. 1999; Hu and Qian 2007; Li and Han 2008) . According to previous research, the northern edge of the EASM exhibits significant interannual and interdecadal variations (Wu, Liu, and Xie 2005; Jiang et al. 2006 ;
Methodology
The vertically integrated meridional water vapor flux (Q v ) is calculated as where g is gravitational acceleration, P s is surface pressure, q is specific humidity, and v is meridional wind.
EOF analysis and composite analysis are used in this study. The significance of the results is evaluated via the two-sided Student's t-test at the 0.1 significance level.
Variability of the northern edge of the EASM

Definition of the northern edge of the EASM
It is well known that the activity of the EASM is characterized by remarkable enhancements in precipitation and southerly wind. Hence, related parameters, such as precipitation, water vapor transport, and the wind field, have been applied to study the variability of the northern edge of the EASM in many previous studies (Wang et al. 1999; Tang, Qian, and Liang 2006; Li and Han 2008) . For example, Qian et al. (2007) determined the northern edge of the EASM using the precipitation isocline of 4 mm d −1 . Tang, Qian, and Liang (2006) used the vertically integrated meridional water vapor flux (Q v ) equaling 5 kg m −1 s −1 to measure the northern edge of the EASM by considering that the summer monsoon water transport over East Asia is dominated by meridional transport (Huang et al. 1998; Zhu, He, and Qi 2012) . In addition, Jiang et al. (2006) found that the variability of the ridge of the subtropical high (U 500 hPa = 0 m s −1 ) was consistent with the northern position of the monsoon front and could partly reveal the northerly advancement of the EASM. The pentad means of these indices are displayed in Figure 1 , showing the climatological northward movement of the edge from winter to summer. The variations of these indices are consistent in revealing the northward advancement of the EASM and the time taken to reach the northern boundary both in the western part (Figure 1(a) ) and the eastern part ( Figure  1(c) ). The consistency among these indices is even more obvious when the area mean between 105°E and 135°E is considered (Figure 1(d) ). However, the index of the ridge of the subtropical high (U 500 hPa = 0 m s −1 ) shows some subtle differences insofar as its position is relatively more southward compared with the other indexes. The northern edge measured by the precipitation and wind is characterized by many small-scale perturbations along the edge (Figure 1 ), and these indices might suffer from their own weaknesses in identifying the large-scale variation of the northern edge of the EASM.
qvdp Qian et al. 2007; Sun, Tang, and Li 2008) . For instance, on the interannual timescale, the meridional displacement of the northern edge of the EASM varies from year to year. On the interdecadal timescale, many studies have focused on the interdecadal shift of the northern edge of the EASM in the late 1970s and its relationship with East Asian rainfall (Jiang et al. 2006; Tang, Qian, and Liang 2006; Fu and Liu 2007; Jiang et al. 2008; Li and Han 2008) , while much less attention has been paid to its causes, with the notable exception of Wang and Li (2011) who proposed that the changes in surface sensible heat flux over the arid region of Northwest China may influence the northern boundary of the EASM. It is well known that the EASM systems have undergone remarkable interdecadal changes, not only in the late 1970s but also the early 1990s (Kwon, Jhun, and Ha 2007; Lv, Zhang, and Chen 2011; Zhu, Li, and He 2014; Zhang et al. 2016; Zhu and Li 2017) . Most previous studies suggest that the northern edge of the EASM witnessed a significant interdecadal southward movement around the late 1970s. However, whether the northern edge of the EASM also experienced an interdecadal change in the early 1990s remains unclear. Hence, the objective of the present study is to answer the following questions: Was there an interdecadal change in the northern edge of the EASM around the early 1990s? And if so, what mechanism was responsible for this interdecadal change?
The paper is organized as follows: The data-set and methodology are briefly described in Section 2. The variability of the northern edge of the EASM based on empirical orthogonal function (EOF) analysis is investigated in Section 3. The possible mechanism responsible for the interdecadal changes in the northern edge of the EASM is discussed in Section 4. And finally, a summary of the study's key findings is provided in Section 5.
Data-set and methodology
Data-set
A global six-hourly data-set derived from ERA-Interim at a spatial resolution of 1° × 1°, including the total column water vapor (TCWV), specific humidity, horizontal wind, geopotential height, surface pressure, and skin temperature, is used in this study (Dee et al. 2011 ). In addition, daily rain gauge data from 756 meteorological stations, provided by the Chinese Meteorological Data Service Network, are also applied, after interpolation onto a 1° × 1° grid. The data period is 1979-2015, and all the six-hourly and daily data are converted into pentad-mean data.
Compared with these variables, TCWV has been suggested as a better proxy to measure the distributions of both moisture and rainfall on a broader spatial scale (Tang et al. 2010) ; plus, it is a relatively steady variable. Furthermore, Zeng and Lu (2004) pointed out that TCWV could largely reflect the physical nature of the EASM. Therefore, in this paper, TCWV is used to identify the northern edge of the EASM. In Figure 1 , we note that the TCWV equal to 30 mm is consistent with the above indices in describing the climatological northward movement of the EASM over both the western and eastern parts of East Asia. Other TCWV criteria apart from 30 mm were also examined, and it was found that 30 mm is better for identifying the variability of the northern edge of the EASM (figure not shown). Therefore, the criterion of TCWV = 30 mm is proposed to identify the northern edge of the EASM. Accordingly, the northern edge of the EASM is defined as the latitude where the pentad TCWV equals 30 mm and lasts for at least two pentads at each longitude over East Asia (105°-135°E). As shown in Figure 1 , compared with other indices, the index defined using TCWV has its own advantages; for instance, the northern edge of the EASM is smoother and some local perturbations are ruled out. Hence, the index defined in this study is more appropriate in portraying the large-scale characteristics of the EASM. Moreover, the latest pentad when the most northern point of the summer monsoon at each longitude over 105°-135°E satisfies the above condition is taken as the arrival time of the northern edge of the EASM for each year.
Interdecadal variation of the northern edge of the EASM
According to the criterion given above, Figure 2 notes: the red thick curve is the isocline of tcWV = 30 mm. the magenta line represents the zonal wind at 500 hpa where U 500 = 0 m s −1 (Jiang et al. 2006) . the blue line represents the vertically integrated Q v = 5 kg m −1 s −1 (tang, Qian, and Liang 2006) . the gray line indicates the precipitation of 4 mm d −1 ).
the northern edge in both the eastern and western parts. However, the magnitude to the east of 120°E is much larger than that to the west, suggesting a much larger meridional variability of the northern edge of the EASM over Northeast China, which is consistent with its yearly displacement shown in Figure 2 (a). Besides the interannual variation, there is a significant interdecadal variation in the corresponding principal component (PC1) based on the 9-yr running mean of PC1. The PC1 shifts from positive to negative around the early 1990s. Therefore, this mode captures an interdecadal southward shift of the northern edge of the EASM around 1993. Another shift in 2007/2008 is also noted in Figure 2 (c). The robustness of these two shifts was also found using 11-yr and 13-yr running windows (figures not shown). In this study, only the interdecadal change around 1993 is discussed in detail.
Possible mechanisms responsible for the 1993/1994 shift of the northern edge of the EASM
The above results show that the northern edge of the EASM withdrew southward after 1993, especially over Northeast China. To investigate the possible underlying mechanisms, two periods, 1979-1993 and 1994-2007 (referred By its very nature, the extratropical anticyclonic anomaly over Mongolia is indicative of a lower frequency of extratropical cyclonic activity over Mongolia. As stated structure, which is consistent with the results presented in previous studies (Tao and Chen 1985; Tang, Qian, and Liang 2006) . The interannual variation of the northern edge of the EASM is pronounced, especially over Northeast China to the east of 120°E.
To analyze the spatial and temporal characteristics of the northern edge of the EASM, an EOF analysis based on the latitude where the northern edge reaches over East Asia during 1979-2015 is conducted. The abnormal latitude value of the northern edge at each longitude during 1979-2015 is the input to the EOF analysis. The spatial pattern of the first EOF mode (EOF1) and its corresponding time coefficient are displayed in Figure 2 (b) and (c). The leading mode accounts for 60.2% of the total variance. In Figure 2(b) , the spatial pattern of EOF1 is of the same sign, indicating synchronous south-north displacement of exists are analyzed (Figure 4(a) and (b) ). As we can see, there are significant positive anomalies over Mongolia in both the surface pressure and 850-hPa geopotential height. This pronounced interdecadal weakening of the Mongolian low indicates inactive extratropical cyclone activity, and hence weak southerly flow over North and Northeast China during 1994-2007 , which is consistent with previous studies (Wu et al. 2010; Zhu et al. 2013; Zhang et al. 2016; Zhang 2017) .
The possible causes of the interdecadal weakening of the Mongolian low are also investigated. Surface warming in the Lake Baikal region was proposed by Zhu et al. ( , 2013 as a possible reason. Our results suggest that East Asia was covered by a large range of significant warming after 1993 (Figure 4(c) ). To verify this, the interdecadal difference in the surface temperature between the two epochs is composited (Figure 4(c) ). A wide area over the northern part of East Asia experiences a significant warming after 1993, especially to the west of the Lake Baikal area (at about 50°N), with the maximum warming exceeding 3 K. Notably, the amplitude of the surface warming is much smaller to the south over the Inner Mongolia Plateau (~40°N), leading to an obvious south-north contrast in temperature. Such meridional inhomogeneity of the surface warming in the northern part of East Asia may have played an important role in the interdecadal weakening of the Mongolian low, which may in turn have resulted in the interdecadal change in the northern edge of the EASM.
The modulation of the interdecadal weakening of the Mongolian low by the meridional inhomogeneity of the surface warming over East Asia was studied by Zhang (2017) . It was proposed that the meridional inhomogeneity of surface warming over East Asia would weaken the vertical wind shear over Mongolia and result in a significant decrease in static stability, thus leading to a weakening of local atmospheric baroclinicity. This is disadvantageous to the occurrence and development of regional synoptic extratropical cyclone activity over Mongolia. The cumulative effect of such a reduced frequency of Mongolian cyclone activity would have been conducive to a weakening of the Mongolian low after 1993/1994. To summarize, the spatially uneven surface warming over East Asia in epoch 2 hindered the Mongolian low through weakening the local atmospheric baroclinicity, thus favoring the withdrawal of the southerly flow over East Asia, which was in tandem with the southward movement of the northern edge of the EASM.
Summary
The northern edge of the EASM was defined in this study as the latitude where the TCWV equals 30 mm and lasts by Zhang (2017) , the accumulative effect of extratropical cyclone activity over Mongolia can be illustrated by the large-scale summertime Mongolian low. Hence, the interdecadal differences in the surface pressure and geopotential height at 850 hPa where the Mongolian low mainly (1994-2007 minus 1979-1993) .
notes: the shading in (c) denotes differences exceeding the 90% confidence level based on the student's t-test. the area within the red box is the main research area for the northern edge of the eAsm. displacement of the northern edge of the EASM shows strong interdecadal variation during 1979-2015, especially over Northeast China, where the variability is most prominent. Based on EOF analysis, the northern edge of the EASM exhibits a striking interdecadal change around 1993. Specifically, it experienced an obvious southward shift after 1993 and a distinct northward movement after 2007.
The interdecadal variation of the northern edge of the EASM around the early 1990s may be attributable to the anticyclonic anomaly over Mongolia, i.e. a weakening of the Mongolian low. The northerly flow anomaly to the east of the Mongolian anticyclonic anomaly prevented the northward advancement of the EASM, resulting in a southward shift of the edge after 1993/1994. It was found that the meridional inhomogeneity of the surface warming, i.e. increasing temperature to the west of the Lake Baikal area, was more prominent than that over the Inner Mongolian Plateau adjacent to North China. Such inhomogeneous warming would have led to reduced local atmospheric baroclinicity, and thus might have effectively suppressed the extratropical cyclone activity over Mongolia. Accordingly, the southerly monsoon flow would have been hindered after 1993/1994. for at least two pentads. Climatologically, the northern edge is characterized by a southwest-northeast tilting structure. Besides interannual variation, the meridional 1994-2007 and 1979-1993. note: the dots represent differences exceeding the 90% confidence level based on the student's t-test.
